INTRODUCTION
Because of its superior mechanical properties and excellent biocompatibility, zirconium dioxide (zirconia) ceramics are used as an alternative to the framework of metal-ceramic restorations. A number of clinical studies reported that the medium-and long-term clinical performance of zirconia-based restorations was stable and favorable [1] [2] [3] [4] [5] . However, chipping of the layering porcelain is the most common technical complication and occurs in 6 to 25% of tooth-supported zirconiabased restorations [1] [2] [3] [4] [5] . The rate of chipping of layering porcelain was higher for implant-supported zirconiabased restorations (10-40%) than for tooth-supported zirconia-based restorations [6] [7] [8] [9] . Factors that influence chipping of layering porcelain in zirconia-based restorations include brittleness of the layering porcelain, inappropriate framework support for the veneer, and unfavorable shear forces between the zirconia framework and layering material 10) . In a bilayered structure, failure typically occurs in the weaker material or the weak interface of the unit. Bonding between layering materials and zirconia frameworks is a key factor in achieving favorable performance in bilayered restorations. Previous studies of bond strength of layering porcelain to zirconia frameworks [11] [12] [13] [14] indicated that values were comparable to those of layering porcelain to metal alloy. Indirect composite materials -an alternative to feldspathic porcelain for layering materials-have recently been introduced for use with zirconia-based restorations [15] [16] [17] [18] . Several studies found that the shear bond strength of indirect composite materials to zirconia frameworks was greater than 20 MPa 15, 17) , which is above the threshold for clinically acceptable composite-metal and compositeceramic bonds 19, 20) . Application of a combination of hydrophobic phosphate monomer (MDP) and initiator provided durable bonding between airborne-particleabraded zirconia and indirect composite material 15, 17) . Fushiki et al. 16) demonstrated that the use of a silane coupling agent and opaque material yielded stable bond strength of the indirect composite and feldspathicporcelain-coated zirconia, and suggested that feldspathic porcelain coating of zirconia frameworks was an effective method to achieve clinically acceptable bond strengths. Furthermore, an in vitro study indicated that the fracture resistance of implant-supported zirconia-based restorations, in which an indirect composite material was veneered onto zirconia frameworks pretreated with MDP-containing primer, was equal to that of porcelain-fused-to-metal or zirconia-based all-ceramic restorations 18) . Indirect composite materials have a beneficial effect on implant-supported posterior restorations. Ciftçi and Canay 21) studied the mechanical behavior of implantsupported restorations layered with five different materials and demonstrated that the composite resin material reduced stress by 15% as compared with porcelain and gold alloy. The use of indirect composite as a layering material has functional advantages, especially in areas of high occlusal stress such as implant-supported restorations 21, 22) . However, several disadvantages of composite-layered restorations have been noted in in vivo studies, including insufficient wear resistance 23) and plaque accumulation due to surface roughening of composite materials 24) .
Shear bond strengths of an indirect composite layering material to a tribochemically silica-coated zirconia framework material
Surface treatments have been suggested as a means to improve adhesive bonding of layering materials to zirconia frameworks. One well-documented method is tribochemical silica sandblasting/coating with silicacoated aluminum oxide (Al 2O3) particles, a process that roughens and chemically modifies zirconia [25] [26] [27] . Previous studies have investigated the bonding ability of adhesive luting agents to tribochemically silica-coated zirconia ceramics, and presented a controversial finding [25] [26] [27] [28] [29] . Tribochemical silica coating followed by silane application enhanced resin bonding capacity 25, 29) . On the other hand, Kern and Wegner 28) found the high initial bond strengths were unstable over time and decreased with aging due to water storage in combination with thermocycling. For the use of indirect composite as a layering material onto zirconia framework, however, limited studies have been conducted regarding the bond strength of an indirect composite layering material to a zirconia framework material treated with tribochemical silica coating.
The purpose of this study was to evaluate shear bond strengths of an indirect composite layering material to a zirconia framework material treated with tribochemical silica coating, and to investigate the effects of various priming and bonding agents.
MATERIALS AND METHODS

Specimen preparation
The materials used in the present study are listed in Table 1 . A total of 352 fully sintered yttria-tetragonal zirconia polycrystal (Y-TZP) disks (ZR; 11.4 mm in diameter ×2.5 mm in thickness; Katana Zirconia, Kuraray Noritake Dental, Tokyo, Japan) were fabricated as a bonding substrate with a dental computer aided design-computer aided manufacturer (CAD-CAM) system (Katana Zirconia system, Kuraray Noritake Dental).
The surfaces of all disks were wet-ground with 600-grit silicon carbide paper (3M Wetordry 600A, 3M Japan, Tokyo, Japan). The zirconia disks were divided into two groups (n=176) according to the method of surface pretreatment, as follows: (1) ZR-PRE specimens underwent airborne-particle abrasion with 110-μm alumina particles (Rocatec Pre, 3M ESPE, St. Paul, MN, USA) at 0.28 MPa pressure from a distance of 10 mm for 10 s using a particle abrader (Rocatec Junior, 3M ESPE) and (2) ZR-PLU specimens underwent ZR-PRE treatment followed by airborne-particle abrasion with 110-μm silica-coated alumina particles (Rocatec Plus, 3M ESPE) at 0.28 MPa pressure from a distance of 10 mm for 13 s using a particle abrader (Rocatec Junior, 3M ESPE). A piece of double-coated tape with a hole of 5.0 mm in diameter (Kincsem H300, Horse Care Products, Tokyo, Japan) was placed on each specimen to define the bonding area.
The zirconia specimens in each surface pretreatment group were further randomly assigned to eight test groups (n=22), including a no treated group (NT). The following seven priming agents were assessed: Clearfil Ceramic Primer (CCP; Kuraray Noritake Dental), Clearfil Mega Bond Primer with Clearfil Porcelain Bond Activator (MGP+Act; Kuraray Noritake Dental), ESPE-Sil (SIL; 3M ESPE), Estenia Opaque Primer (EOP; Kuraray Noritake Dental), MR. Bond (MRB; Tokuyama Dental, Tokyo, Japan), Super-Bond PZ Primer Liquid A with Liquid B (PZA+PZB; Sun Medical, Moriyama, Japan), and Super-Bond PZ Primer Liquid B (PZB). The seven priming agents contain adhesive functional monomers. The functional monomers were 10-methacryloyloxydecyl dihydrogen phosphate (MDP) for CCP, MGP, and EOP; phosphate monomer for PZA; 11-methacryloyloxy-1,1-undecane dicarboxylic acid (MAC-10) for MRB; and 3-trimethoxysilylpropyl methacrylate (3-TMSPMA) for CCP, Act, SIL, and PZB. These primers were applied to the surface of specimens according to the manufacturers' instructions.
A thin layer of opaque material (Estenia C&B Body Opaque OA2, Kuraray Noritake Dental) was applied as a high-flow bonding agent and light-polymerized for 90 s using a laboratory light-polymerization unit (α-Light II, J. Morita, Suita, Japan). An additional thin layer was applied on the initial opaque material.
A stainless steel ring (SUS303, inner diameter 6.0 mm, height 2.0 mm, Nagata Industry, Sagamihara, Japan) was placed to surround the opaque material. The ring was filled with a dentin shade of indirect composite material (Estenia C&B Dentin DA2, Kuraray Noritake Dental) at a load of 5 N. The specimen was light-polymerized for 5 min using a laboratory lightpolymerization unit and then heat-polymerized at 110°C for 15 min in a heat oven (KL-310, J. Morita). After completion of polymerization, all specimens were stored in distilled water at 37°C.
Shear bond testing
For each experimental group, half of the specimens (n=11) were tested to measure shear bond strength after 24 h. The remaining specimens were tested after application of thermocycling (20,000 cycles; 5 and 55°C water baths; 60 s dwell time) with a thermocycling device (Thermal Shock Tester TTS-1 LM, Thomas Kagaku, Tokyo, Japan). Before shear bond testing, each specimen was fixed in a steel mold and placed in an ISO/ TR 11405 shear testing jig (Tokyo Giken, Tokyo, Japan). A mechanical testing machine (Type 5567, Instron, Canton, MA, USA) was used to determine shear bond strength with a 5-kN load cell at a crosshead speed of 0.5 mm/min until fracture occurred.
Statistical analysis
The results of shear bond strength testing were analyzed using the Levene test (IBM SPSS Statistics, version 19.0, IBM, Armonk, NY, USA) for equality of variance. When the Levene test did not show equality of variance, the results were then analyzed with the KruskalWallis test (IBM SPSS Statistics, version 19.0, IBM) followed by the Steel-Dwass test (Kyplot 5.0, KyensLab, Tokyo, Japan) for multiple comparisons, to compare differences among the eight groups in relation to surface 19 .0, IBM) was used to evaluate differences between specimens exposed to 0 and 20,000 thermocycles within the same test groups. The level of statistical significance was set at 5% for all analyses.
Observation of debonded specimens
After shear bond testing, the fractured interface of the specimens was observed with an optical microscope (Stemi DV4, Carl Zeiss, Jena, Germany) at ×32 magnification to determine the type of failure, which was classified into three categories: (A) adhesive failure at the indirect composite material/zirconia material interface, (AC) combined adhesive/cohesive failure, (C) cohesive failure within the indirect composite material. After optical microscopic observation, selected specimens were treated by osmium deposition (HPC-IS, Vacuum Device, Mito, Japan) for 30 s and observed with a scanning electron microscope (SEM; S-4300, Hitachi High-Technologies, Tokyo, Japan) operated at 15 kV.
X-ray diffraction (XRD) was used to analyze the structure of the specimen surfaces. The specimens were placed in the holder of an X-ray diffractometer (XRD, MiniFlex II, Rigaku, Tokyo, Japan) with CuKα radiation equipped with a Ni foil filter to clear CuKβ radiation. The XRD was operated at 30 kV of tube voltage and 15 mA of tube current, with a scanning speed of 2.0°/min and a measured angle (2θ) range between 3° and 40°. X-ray diffraction data were processed by X-ray analysis software (PDXL Ver. 1.0.7.1, Rigaku). Surface of a pure silica material was additionally analyzed as a reference.
RESULTS
Descriptive statistics of the shear bond strengths of indirect composite material to zirconia material are summarized in Table 2 Table 3 . For ZR-PLU specimens, the CCP, MGP+Act, SIL, PZA+PZB, and PZB groups exhibited no significant reduction in shear bond strength after thermocycling. Table 4 shows failure modes, as observed by optical microscopy, after shear bond testing. For both ZR-PRE and ZR-PLU specimens, adhesive failures at the zirconia/composite interface were the most common failure type, regardless of thermocycling status. The MGP+Act group of ZR-PRE specimens and the CCP, MGP+Act, and PZA+PZB groups of ZR-PLU specimens showed adhesive/cohesive failure within the composite material before thermocycling. After 20,000 thermocycles, adhesive/cohesive failures within the composite material were seen in the CCP group of ZR-PLU specimens.
SEM images of zirconia surfaces prepared for ZR-PRE and ZR-PLU specimens before bonding are shown in Figs. 1 and 2 , respectively. The surface of ZR-PRE specimens had edge-shaped microretentions (Fig. 1) . The ZR-PLU specimens were partially covered with the small particles, which created some undercuts as well as a rough surface (Fig. 2) . Figures 3 to 5 show representative SEM images of the fracture interface after shear bond testing. The SEM image of a ZR-PRE specimen in the EOP group at 0 thermocycles shows adhesive failure at the indirect composite/zirconia interface, which can resemble an airborne-particle abraded surface (ZR-PRE) (Fig. 3) . The SEM image of the fracture interface of a ZR-PLU specimen in the PZA+PZB group before thermocycling shows similar structure to the surface of a ZR-PLU specimen before priming, indicating adhesive failure (Fig. 4) . The surface of a ZR-PLU specimen in the CCP group shows combined adhesive/cohesive failure after thermocycling; both the zirconia surface and remnants of the indirect composite material are visible (Fig. 5) .
The XRD patterns of representative specimens are shown in Figs. 6 and 7. The XRD pattern of ZR specimen shows a typical XRD pattern of Y-TZP (Fig.  6 ). Figure 7 presents the XRD patterns at 2θ=3° to 40° to be detectable for the peak of quartz. The XRD pattern of ZR-PRE specimens (Fig. 7A) showed similar pattern to that of ZR specimens (Fig. 6) . The XRD pattern presented quartz peaks in ZR-PLU specimens (Fig. 7B ) and the pure quartz material (Fig. 7C) , which showed peaks corresponding to quartz (2θ=21.4°, 23.7°, and 26.5°). The XRD pattern for adhesive failure after shear bond testing in ZR-PRE specimens (Fig. 7D ) almost conformed to that for ZR-PRE specimens (Fig.  7A) . Conversely, the adhesive failure after shear bond testing in ZR-PLU specimens (Fig. 7E) had a similar XRD pattern to that of ZR-PLU specimens before testing (Fig. 7B) . Figure 7F illustrates a typical XRD pattern of combined adhesive/cohesive failure after shear bond testing in ZR-PLU specimens, which conforms to that of the indirect composite material (Fig. 7G) . The main peaks were at 2θ=21.2°, 23.5°, and 27.0°. Fig. 1 SEM image (original magnification ×10,000) of zirconia surface after airborne-particle abrasion with 110-μm aluminum oxide particles (ZR-PRE).
Fig. 2 SEM image (original magnification ×10,000) of zirconia surface after airborne-particle abrasion with 110-μm aluminum oxide particles, followed by airborne-particle abrasion with 110-μm silicacoated aluminum oxide particles (ZR-PLU). SI: silica particles, ZR: zirconia ceramics. 
DISCUSSION
The present study evaluated the shear bond strengths of an indirect composite material to zirconia framework material treated with tribochemical silica coating, and investigated the effect of various priming and bonding agents on the bond strength. Thermocycling and long-term storage can affect the durability of resin bond strength to zirconia. Some studies reported that thermocycling has a greater impact than water storage at a constant temperature on bonding durability 30) . Thermocycling is a practical method for evaluating durability against water penetration of the bonding interface between resin and ceramics 25, 30, 31) .
For the CCP, MGP+Act, SIL, PZA+PZB, and PZB groups containing 3-TMSPMA, tribochemical silica coating resulted in higher post-thermocycling bond strengths as compared with airborne-particle abrasion (Table 2 ). In addition, application of 20,000 thermocycles did not decrease shear bond strength in these five tested groups (Table 3 ). These findings indicate that 3-TMSPMA helps in establishing a durable bond between an indirect composite and a silica-coated zirconia framework material. This accords with the findings of previous studies on resin bonding to zirconia 25, 32) . SEM image (Fig. 2) and XRD pattern (Fig. 7B) confirmed the presence of quartz particles on the zirconia surface in ZR-PLU specimens. These results suggest that tribochemical treatment created the silica layer on zirconia surface and that a siloxane bond was established between the indirect composite material and quartz-layered zirconia surface, due to application of primers containing 3-TMSPMA.
Among the ZR-PLU specimens, bond strength was higher in the CCP, MGP+Act, and PZA+PZB groups than in the other five groups at 0 and 20,000 thermocycles. The present results for shear bond strength show that priming agents containing a phosphate monomer and silane had the highest bond strengths among the groups tested, both before and after thermocycling. Moreover, one or two specimens in three groups exhibited combined adhesive/cohesive failure, which was confirmed in SEM observation (Fig.  5 ) and XRD analysis (Fig. 7F) . Therefore, application of a primer combining a phosphate monomer and silane on silica-coated zirconia frameworks facilitated durable bonding of a layering composite material. This finding agrees with the results of previous studies of resin bonding to zirconia 33) . The surface of tribochemically silica-coated zirconia had both the original zirconia and a silica layer (Figs. 2 and 7B ). The present findings can be explained by two factors: (1) bonding to a zirconia surface primed with phosphate monomer (a phosphate monomer improves bond durability between an indirect composite material and a zirconia framework) 17, 28) , and (2) bonding to a silica layer treated with silane (3-TMSPMA) (the silane forms strong chemical bonds through a siloxane bond with embedded silica on the zirconia surface) 34, 35) . Furthermore, it can be presumed that the acid functional phosphate monomer enhances formation of siloxane bonds.
The post-thermocycling shear bond strengths of ZR-PLU specimens in the CCP, MGP+Act, and PZA+PZB groups were higher than 18 MPa, which exceeds the suggested threshold (10-13 MPa) for clinically successful composite-ceramic bonds 19, 20) . Thus, tribochemical silica coating appears to be a promising mechanical surface treatment of zirconia frameworks for zirconia-based indirect composite-layered restorations.
Tribochemical silica sandblasting/coating to zirconia ceramics can generate certain undercuts and roughness as compared with airborne-particle abrasion, which generates limited or minimal undercuts (Fig. 2) 28) . The tribochemical silica coating has a theoretical advantage regarding mechanical bonding of the indirect composite. Kern and Thompson 36) found that the average silica content of the surface of silica-coated glass-infiltrated alumina ceramics decreased from 19.7 to 15.8 wt% with ultrasonic cleaning. Due to the difference of physical properties of glass-infiltrated alumina and highpurity zirconia ceramics, zirconia ceramics have some drawbacks such as insufficient penetration of silica particles into the ceramic surface, and limited adhesion of silica particles to the zirconia ceramics of no vitreous phase 28) . Furthermore, the tribochemical silica coating resulted in an unstable uniform silica layer to zirconia substrate 28) . The stability of silica layer to zirconia substrate has not been thoroughly investigated. Thus, further investigation to analyze the interface ability between the silica layer and zirconia surface should be conducted.
All in vitro studies have limitations. A limitation of the present study is the design of the specimens. Standardized specimen design and simplified shear bond strength testing can provide basic information on bonding performance. Numerous characteristics of restorations, including preparation design and the three-dimensional geometry of restorations, affect the long-term clinical outcomes of all-ceramic restorations. However, these factors were not evaluated in the present study. Controlled clinical trials are recommended for final evaluation of the materials and techniques used in the present study.
Within the limitations of the present study, it can be concluded that, application of silane (3-TMSPMA) yielded durable shear bond strengths of Estenia C&B composite material to a tribochemically silica-coated Katana Zirconia framework material. In addition, the combined use of phosphate monomer and silane (3-TMSPMA) enhanced bond strengths of layering composite material to silica-coated Katana Zirconia framework material.
